Abstract We previously reported that the vasoactive peptide 1 (P1, ''SSWRRKRKESS'') modulates the tension of pulmonary artery vessels through caveolar endothelial nitric oxide synthase (eNOS) activation in intact lung endothelial cells (ECs). Since PKC-a is a caveolae resident protein and caveolae play a critical role in the peptide internalization process, we determined whether modulation of caveolae and/or caveolar PKC-a phosphorylation regulates internalization of P1 in lung ECs. Cell monolayers were incubated in culture medium containing Rhodamine red-labeled P1 (100 lM) for 0-120 min. Confocal examinations indicate that P1 internalization is time-dependent and reaches a plateau at 60 min. Caveolae disruption by methyl-b-cyclodextrin (CD) and filipin (FIL) inhibited the internalization of P1 in ECs suggesting that P1 internalizes via caveolae. P1-stimulation also enhances phosphorylation of caveolar PKC-a and increases intracellular calcium (Ca 2? ) release in intact cells suggesting that P1 internalization is regulated by PKC-a in ECs. To confirm the roles of increased phosphorylation of PKC-a and Ca 2? release in internalization of P1, PKC-a modulation by phorbol ester (PMA), PKC-a knockdown, and Ca 2? scavenger BAPTA-AM model systems were used. PMA-stimulated phosphorylation of caveolar PKC-a is associated with significant reduction in P1 internalization. In contrast, PKC-a deficiency and reduced phosphorylation of PKC-a enhanced P1 internalization. P1-mediated increased phosphorylation of PKC-a appears to be associated with increased intracellular calcium (Ca 2? ) release since the Ca 2? scavenger BAPTA-AM enhanced P1 internalization. These data indicate that caveolar integrity and P1-mediated increased phosphorylation of caveolar PKC-a play crucial roles in the regulation of P1 internalization in lung ECs.
Introduction
Cell-penetrating peptides can regulate signal transduction and form specialized signaling complexes in endothelial cells (ECs) [1, 2] . We previously reported that a vasoactive peptide 1 (P1) modulates the tension of pulmonary artery vessels through caveolar endothelial nitric oxide synthase (eNOS) activation [3, 4] . Caveolae are the dynamic structures defined as flask-shaped invaginations with distinct lipid rafts enriched in cholesterol, sphingomyelin, glycosphingolipids, and phosphoinositides in the plasma membranes of multiple cell types, including vascular ECs [5] [6] [7] . A family of three proteins, caveolin (Cav)-1, 2, and 3, serves as a marker of caveolae in various cell types [8] . In vascular ECs, Cav plays a critical role in the regulation of caveolae localized enzyme activity. A number of studies have reported that caveolae localize multiple signaling molecules, including PKC-a [9] [10] [11] [12] . Bio-chemicals, enzymes, and detergents have been reported to modulate specific lipid/protein domains of the plasma membrane and its components on the basis of their ionic character and solubility index, which also affect structural and functional integrity [13] . Cholesterol modulators methyl-b-cyclodextrin (CD) and filipin (FIL) which disrupt caveolae are known to diminish the morphologic characteristics and function of caveolae in ECs [14] [15] [16] [17] . PKC-a is a calciumand diacylglycerol-dependent isozyme of the PKC family that is comprised of roughly 12 different isozymes, characterized as serine/threonine kinases and classified into three major groups on the basis of their calcium and diacylglycerol requirement for activation [18] [19] [20] . The lipid compositions of various domains of mammalian plasma membranes are different [21] and perhaps this influences the activity of phosholipases which give rise to calcium and diacylglycerol leading to activation of PKC-a.
Activation of PKC-a is known to modulate caveolae and caveolae resident proteins. For example, agonists such as bradykinin and/or PMA-mediated elevation of Ca 2? and activation of PKC-a result in dissociation of caveolar proteins and/or structural modulation of caveolae by flattening and reducing the number of plasma membrane invaginations and affecting caveolar function [10, 11] . Recent reports suggest that (i) Cav-1 scaffolding domain peptide regulates the activity of PKC-a and the interaction of Cav-1 and phospho PKC-a is critical for internalization [12] , and (ii) the recruitment of p-PKC-a to the membrane is necessary for the invasion/internalization of E. coli at the bacterial entry site (caveolae) in human brain microvascular ECs [22] .
We previously reported that (i) uptake of fluorescentlabeled P1 increased in EC in culture, isolated pulmonary artery segments, and an intact mouse lung [3] , (ii) P1-stimulation enhances phosphorylation and the catalytic activity of PKC-a in intact ECs [3] , and (iii) P1-stimulated caveolae modulation enhances compartmentalization of eNOS and activity in EC [4] . The present study was designed to determine whether P1-mediated increased phosphorylation of PKC-a is a caveolae-specific event that plays a critical role in the regulation of P1 internalization. In the present study, we investigated whether caveolae disruption and/or P1-stimulation increases intracellular Ca 2? release in intact EC, enhances caveolae-specific PKC-a phosphorylation, and modulates PKC-a levels associated with the P1 internalization process in intact lung ECs.
Materials and methods

Antibodies and reagents
Primary antibodies for western blotting were commercially obtained as rabbit polyclonal anti-caveolin and mouse anti-PKC-a antibodies (BD Transduction Laboratories, San Jose, CA) and rabbit polyclonal anti-p-PKC-a antibody (Santa Cruz Biotechnology, Santa Cruz, CA 
Tissue cultures and treatments
Pulmonary artery ECs were obtained by collagenase treatment from the main PA of 6-to 7-month-old pigs. ECs were propagated in monolayer culture as previously described [23] . Cells grown to confluence in 100-and 35-mm clear glass bottom dishes were used for preparation of caveolae-enriched membrane fractions and peptide internalization studies by confocal microscopy, respectively. In each experiment, cells were studied 1 or 2 days after confluence at passages 3-5 and were matched for cell line, passage number, and days after confluence.
To determine the potential effects of P1 on caveolar PKC-a phosphorylation and internalization of P1, the endothelial monolayer was incubated with P1 (100 lM) in RPMI 1640 for 5-120 min at 378C. Controls were incubated in RPMI 1640 only under identical conditions. In some experiments, PKC-a knockdown ECs or PMA (1 lM for 5-30 min) pretreated, BAPTA-AM (50 lM for 30 min) pretreated, or fluo-4-AM (5 lM for 30 min) pretreated ECs were incubated with P1 at 378 C. In some experiments, cells were pretreated with CD (5 mM) or FIL (0.05 lg/mL) for 60 min at 37°C. After treatments, intact cells were used to (i) isolate caveolae-enriched fractions and perform immunoblot analysis of PKC-a, phospho PKC-a (p-PKCa), and caveolin, (ii) determine intracellular calcium release, and/or (iii) monitor internalization of Rhodamine Red-labeled P1.
Peptide internalization
To determine the level of peptide internalization, cells with or without PKC-a (i.e., knockdown) and pretreatment with P1, CD, FIL, PMA, or BAPTA-AM were washed and incubated, and then used to monitor internalization of Rhodamine Red-labeled P1 for 0-120 min. The cells were washed with PBS (0.01 M, pH 7.4 containing 0.02% sodium azide), immediately mounted with 90% glycerol on covered slides with glass slips, and examined using the wavelength of 543 nm under Zeiss LSM 510 laser scanning confocal microscope. The images were scanned at 409 (single photon) or 209 (two photon) magnification using confocal microscopy. Internalization of Rhodamine Redlabeled P1 was scored by comparing digitized rainbow palette images of different treatments and their controls on a scale of 01-255 emission spectrum intensities based on VIBGYOR (from minimum value 0 for Violet to maximum value of 255 for intense Red). Control cells were run in parallel without (P1) treatment. Zeiss LSM 510 software was used to convert the data of rainbow palette and intensities of internalized rhodamine red-labeled peptide in cells into graphs showing % absolute frequency for corresponding range of intensities. Basically, data obtained from minimum intensity value 01 to maximum intensity values up to 255 in terms of absolute frequencies for each rainbow palette micrographs (value of zero intensity was not included into data considered as no internalization zone) and grouped into five ranges (01-50, 51-100, 101-150, 151-200, 201-255), the percentage distribution of each range was calculated from total absolute frequency values of all intensities in a given micrograph. The micrographs and corresponding graphs obtained are the representation of four randomly picked microscopic fields from at least three separate experiments for each set.
Assessments of calcium levels in ECs
To determine whether P1-stimulation enhances intracellular Ca 2? release, cell monolayers with fluo-4 AM (5 lM for 30 min) pretreatment were stimulated with P1 (100 lM) in calcium-free RPMI and simultaneously monitored for intracellular Ca 2? release in randomly focused fields under confocal microscopy with appropriate wavelength settings (excitation at 485 nm, emission at 520 nm). Images were captured before and after 60 min treatment, or fluorescence intensities were measured and recorded automatically every 3 s by pre-programmed LSM 510 Zeiss software, until the end of each experiment.
Preparation of caveolar-enriched membrane fractions
The caveolar-enriched membrane fractions were isolated by a slightly modified detergent-free method and by a conventional detergent method (TritonX-100) used by Song et al. [24] and Sprenger et al. [25] , respectively. The modifications were made to keep the association of caveolae and other detergent-sensitive proteins/components intact by eliminating TritonX-100 as used by Sprenger et al. [25] and by removing NaHCO 3 in cell lysates to avoid changes in physiological pH, as described in the detergentfree method used by Song et al. [24] . The cells were gently disrupted by nitrogen cavitation instead of sonication. In brief, control or pre-treated cells were washed twice with ice-cold MBS Buffered saline (MBS; 25 mM MES, pH 6.5, 150 mM NaCl) and scraped off the dishes in 5 mL MBS containing protease inhibitor cocktails (source: Calbiochem). The cells were homogenized using a Dounce homogenizer with a tight fitting glass pestle at 4°C with 10 strokes of 10 s each. The homogenized cell suspensions were disrupted by Parr Bomb (Parr Instrument Company IL. USA) nitrogen cavitation using nitrogen pressure of 650 psi with an equilibration period of 15 min. Lysed cell suspensions (1.5 mL) were mixed with equal volumes of 80% sucrose in MBS and placed at the bottom of an ultracentrifuge tube. Five milliliter of 30% sucrose/MBS was layered on the top of the lysate followed by 4 ml of 5% sucrose/MBS layer on the top of the 30% sucrose/MBS solution. The sucrose gradient was centrifuged at 38,000 rpm for 16 h in a SW-40 rotor (Beckman Coulter Optima, L-70 K ultracentrifuge) at 4°C. Twelve fractions (1 ml each) from the top to the bottom of the centrifuge tube were collected separately in centrifuge tubes and ECs were pre-incubated with or without medium containing CD (5 mM) or FIL (0.05 lg/ml) for 60 min. After treatment, cells were washed and incubated with or without Rhodamine Red-labeled or non labeled P1 at 37°C for 60 min and used for confocal microscopy and isolation of caveolar-enriched fractions (#5) and a non-caveolar-enriched fraction (#9) as described in methods. The levels of caveolin, PKC-a, and p-PKC-a proteins in the fractions isolated from CD (a) and FIL (b) were assessed using Western blot analysis as described in methods. a, b Data are means ± SE; n = 4 for control and CD/FIL treatment group fraction #5. *P \ 0.05 versus control. c The fluorescent micrographs (409) of live cells pre-incubated with CD/FIL, treated with and without rhodamine red-labeled P1 were obtained using confocal microscopy (images i, ii, iii, iv). The rainbow palette micrographs (images v, vi, vii, viii) are generated on the same sets of data using the Zeiss LSM software diluted with three volumes of MBS, and centrifuged at 38,000 rpm for 1 h in a Ti-70 rotor (Beckman Coulter Optima, L-70 K ultracentrifuge) at 4°C. The resulting pellets were analyzed by Western blots using 50 lg of protein to determine the level of the caveolae marker protein Cav-1. Protein contents were measured with Bicinchoninic acid (BCA) using commercial kits supplied by Pierce in keeping with the manufacturer's instructions. After Cav-1 marker protein analysis of twelve fractions, the caveolae-enriched fraction #5 and representative non-caveolar-enriched fraction #9 were identified and used in the study.
Western blot analysis
The caveolar-enriched and non-caveolar-enriched fractions, i.e., fraction numbers 5 and 9, respectively, obtained after subcellular fractionation were mixed with equal volumes of PBS pH 7.4 and four volumes of each fraction mixed with one volume of 5X loading buffer (Fermentas #R0891), vortexed, and boiled for 10 min. The equal volumes of protein fractions were loaded on gradient Gel 4-20%, and resolved in Criterion cell BIORAD at 200 volts for 50 min, followed by electroblotting in Criterion blotter BIORAD and transferring resolved protein onto nitrocellulose (NC) membranes at 100 volts for 60 min. The NC membranes were washed three times in TrisTween buffered saline, 0.1% Tween 20 (TTBS) and blocked by 5% non-fat dry milk (NFDM) in TBS for 1 h. The NC membranes were washed three times with TTBS for 30 min, and the washed membranes were incubated overnight with primary antibody [rabbit polyclonal anticaveolin; dilution 1:5000, mouse anti-PKC-a; dilution 1:1000, rabbit polyclonal anti-p-PKC-a(Ser657); dilution 1:2500] and diluted in 1% NFDM-TBS as prescribed by suppliers. Prior to incubation with secondary antibody, the NC membranes were washed three times for 30 min in TTBS and incubated with desired horseradish peroxidaseconjugated secondary antibody diluted in 1% NFDM-TBS as prescribed by suppliers for 2 h. Proteins reactive with primary antibody were visualized with chemiluminescence technique using luminol reagents.
Recombinant adenovirus-mediated inhibition of PKC-a
ECs on the bottom of a 35-mm dish were cultured in 2 ml of RPMI 1640. To enhance the transfection, the recombinant adenovirus containing the dominant negative (DN) form of PKC-a (Ad-PKCa-DN, ADV-410, Cell Biolabs) or the GFP (Ad-GFP, ADV-004) gene was mixed with the Antennapedia (Antp) peptides. The Ad-PKCa-DN/Ad-GFP and Antp mixture was added to the dishes containing ECs (90-95% confluence). The adenovirus-infected cells were incubated for 24-48 h. The levels of GFP fluorescent intensities were assessed using fluorescent confocal microscopy to confirm the expression of the delivered genes. The infected cells were incubated with P1 and assessed for P1 internalization using confocal microscopy.
Statistical analysis
Significance for the effect of P1 on internalization, phosphorylation of PKC-a, calcium elevation, and the difference between optical densities of immunoblots of PAEC fractions was determined by ANOVA and Student's paired t test. A value of P \ 0.05 was considered statistically significant [26] .
Results
P1 internalization is time dependent
Rhodamine Red-labeled P1 was used to monitor the process of P1 internalization. The levels of fluorescent intensities in the cells that were incubated with the labeled P1 for 5-30 min were constantly increased (Fig. 1) . Longer (60-120 min) incubations of ECs with P1 did not further increase the levels of internalized P1 (Fig. 1) . These results suggest that P1 internalization reaches its peak between 30 and 60 min. Rainbow palette micrographs (Fig. 1f-j) and corresponding graphs (Fig. 1k-o (measured at 543 nm) of internalized peptide in cells, plotted on the scale of 01-255 for % absolute frequency distribution of each intensity range using four randomly selected microscopic fields in each micrograph were used to compare the intensities of internalized P1 in ECs incubated for different time period.
Pre-incubation of ECs with caveolae disruptors CD or FIL prevents P1 internalization
To determine whether P1 is internalized via caveolae, ECs were pre-incubated with or without medium containing CD (5 mM) or FIL (0.05 lg/ml) for 60 min. The pre-treated cells were incubated in fresh medium with or without the presence of Rhodamine red-labeled P1 for 60 min, and the levels of fluorescent intensities were assessed. The levels of fluorescence intensities of P1 internalization with or without CD/FIL treated are shown in Fig. 2c . Pre-incubation of ECs with CD or FIL for 60 min markedly blocked P1 internalization (Fig. 2c-iii, iv) , whereas in caveolae-intact (control; Fig. 2c -ii) cells, P1 internalization was markedly increased. The caveolae disruption by CD or FIL confirms that P1 internalizes via caveolae. Rainbow palette micrographs were used to compare the intensities of internalized P1 in control and caveolae-disrupted cells (Fig. 2c-v-viii) , confirming the inhibition of P1 internalization by caveolae disruptors in ECs. To determine whether reduced internalization of P1 by caveolae disruption is associated with reduced caveolar PKC-a phosphorylation, the effects of CD/FIL treatment of EC on Cav-1, PKC-a, and p-PKC-a levels in fraction 5 and # 9 were monitored. As shown in Fig. 2a , b, the levels of Cav-1, PKC-a, and p-PKC-a were significantly reduced in caveolae-enriched fractions #5.
P1-stimulation increases intracellular Ca 2? release in intact EC
We reported that P1-stimulation increased catalytic activity of PKC-a in intact lung EC [3] . Since PKC-a activation and/ or phosphorylation are calcium-dependent, we determined whether P1-stimulation increases intracellular calcium release in intact EC. Confluent ECs were incubated with fluo-4 AM to monitor the levels of intracellular Ca 2? with or without (control) P1-stmulation. The ratios of final fluorescence intensities (F) to the initial fluorescence intensities (F0) were monitored every 3 s for up to 60 min in the same microscopic field by confocal microscopy. P1-stimulation increased intracellular Ca 2? release in a time-dependent manner (Fig. 3a) . Representative confocal images show changes in intracellular Ca 2? release in 0 min and after 60 min incubation in control (Fig. 3b) and P1-stimulated cells (Fig. 3c) . In P1-stimulated cells, 0 time represent simultaneous addition of P1 or RPMI followed by immediate capture of images by confocal microscopy with approximately 10 s delay. Rainbow palette micrographs were used to compare the intensities of Ca 2? released in control and P1-stimulated cells (Fig. 3b-iii, iv, c-iii, iv) , showing that P1 stimulation increases intracellular Ca 2? release in intact EC.
P1 enhances phosphorylation of caveolar PKC-a at Ser-657
To determine whether the effects of P1-mediated increased PKC-a activation/phosphorylation are caveolae-specific events, the levels of the total and phosphorylated PKC-a in caveolar-enriched fraction were assessed using Western blot analysis. The levels of Cav-1 in subcellular fraction #5 are higher than those in fraction #9 (Fig. 4a) . This indicates that fraction #5 is enriched in the caveolar membranes. Next, the levels of PKC-a in fractions #5 and #9 (the control) were assessed. The level of total PKC-a in fraction #5 separated from P1-treated cells is lower than that from control cells (Fig. 4b) . Furthermore, the level of phosphorylated PKC-a at Ser-657 in the caveolar fraction of P1-treated ECs is higher than that in the fraction derived from control cells (Fig. 4c ). The observations demonstrate that P1 induces PKC-a activation in cultured ECs since Ser-657 phosphorylation is required for PKC-a activity.
PMA-mimicked P1 modulation of caveolar PKC-a activity PMA induces PKC-a activation. As shown in Fig. 4 , the enrichment of caveolar membranes is confirmed since the levels of caveolin in fraction #5 are higher than those in fraction 9 (Fig. 5a ). The levels of total and phosphorylated PKC-a in PMA-treated cells are higher than those in vehicle-treated cells (Fig. 5b, c) . However, PMA-increased levels of phosphorylation are higher than those of PKC-a protein mass, indicating that PMA induces PKC-a activation mainly through Ser-657 phosphorylation. The data suggest that P1-induced PKC-a activation may be similar to PMA activation of PKC-a.
Time-dependent activation of PKC-a by P1 and PMA
To determine the effects of P1 and PMA on PKC-a activation, lung ECs were incubated in culture medium containing P1 or PMA for 0-60 min. The levels of phosphorylated PKC-a in the cells treated by P1 are comparable for 0-30 min, but dramatically increased in the fraction derived from 60 min-treated cells (Fig. 6a) . In parallel, PMA increases the level of phosphorylated PKC-a in a timedependent manner (0-30 min), which peaked in the 30 mintreated cells (Fig. 6b) . These results indicate that it takes a longer time for P1 (60 min) than for PMA (30 min) to activate PKC-a to its peak in ECs. The pattern of P1 internalization is correlated with that of PKC-a activation, suggesting a negative role of PKC-a modulation of P1 entering ECs.
Pre-incubation of ECs with P1/PMA prevents P1 internalization
To determine whether P1/PMA activation of PKC-a blocks P1 internalization, ECs were pre-incubated in medium Fig. 7 The effects of P1/PMA pre-incubation on P1 internalization. ECs were pre-incubated in medium containing P1 for 30-60 min or PMA for 5-30 min. After they were washed, the pre-incubated ECs were incubated with Rhodamine Red-labeled P1 at 37°C for 60 min. The representative fluorescent micrographs (409) of live cells from three separate experiments were obtained using confocal microscopy (images i-iii in a and b). The representative rainbow palette micrographs (images iv-vi in a and b) are generated on the corresponding graphs (vii-ix in a and b), respectively, and shows rhodamine red intensities of internalized peptide in cells, plotted on the scale of 01-255 for % absolute frequencies distribution of each intensity range by using the same Zeiss LSM software. Fluorescence intensities were determined using four randomly selected microscopic fields in each panel containing P1 for 30-60 min or PMA for 5-30 min. The times of pre-incubations were selected since P1-and PMAinduced PKC-a activity peaked between 30 and 60 min for P1 and 5-30 min for PMA. The pre-treated cells were incubated in fresh medium containing labeled P1, and the levels of fluorescent intensities were assessed by monitoring rhodamine red intensities (measured at 543 nm) of internalized peptide in cells and plotted on the scale of 01-255 for % absolute frequencies distribution of each intensity range by using Zeiss LSM software. P1/PMA preincubation-prevented P1 internalization in a time-dependent manner (Fig. 7a, b) . Pre-incubation of ECs with P1 for 60 min or PMA for 30 min completely blocked P1 entering the cells (Fig. 7a, b) . The inhibition of P1 internalization is correlated with PKC-a phosphorylation/activation. These observations support the notion that PKC-a negatively modulates P1 internalization.
Specific inhibition of PKC-a enhances P1 entering into ECs
To define the role of PKC-a in modulation of P1 internalization, recombinant adenovirus containing the DN PKC-a or GFP gene was used to knockdown PKC-a expression in ECs. The fluorescent intensities of GFP in the adenovirusinfected cells were assessed to monitor the efficiency of the gene delivery. Up to 90% of ECs show GFP fluorescence (Fig. 8a) , indicating the expression of the delivered genes. The levels of P1 (red) fluorescent intensities in the cells with inhibited PKC-a (images v-viii, Fig. 8b ) are higher than those in control cells infected with the sham adenoviruses containing the GFP gene (images i-iv, Fig. 8b ). Furthermore, the levels of P1 fluorescent intensities in the PKC-a deficient ECs are much higher than those in the control cells under a low magnification view (Fig. 8c) . Rainbow palette micrographs (images iii, iv, Fig. 8c ), and corresponding graphs ( Fig. 8c -v, vi) shows rhodamine red intensities (measured at 543 nm) of internalized peptide in cells, plotted on the scale of 01-255 for % absolute frequency distribution of each intensity range were used to compare the intensities of internalized P1 in control and PKC-a deficient cells, confirming the negative modulation of P1 internalization by PKC-a. This observation is also supported by the fact that the diminished levels of caveolar PKC-a and p-PKC-a (Fig. 8d ) in PKC-a deficient cells considerably enhanced the internalization of P1 in ECs.
Depletion of Ca 2? release enhances P1 internalization
The calcium chelator, BAPTA AM, was used to deplete/ scavenge to determine its effect on P1 internalization. Cells pretreated with or without (Control) BAPTA-AM in calcium-free RPMI 1640 were then incubated with Rhodamine Red-labeled P1 and fluorescence intensities were monitored by confocal microscopy. Figure 9 shows the level of P1 internalization in RPMI (Control) (a) and BAPTA-AM (b) pre-treated cells Rainbow palette micrographs of corresponding panels (c, d). The level of internalized P1 in BAPTA-AM-treated cells is several folds greater than in control.
Discussion
Synthetic peptide P1 but not scrambled P1 is known to: (i) internalize in intact EC and lung tissue, (ii) activate PKC-a in intact EC, and (iii) stimulate pulmonary artery vasorelaxation through translocation and activation of eNOS [3, 4] . Since P1 internalization is critical for its functional response, the present study demonstrates that the internalization of P1 is a time-dependent process that reaches a plateau between 30 and 60 min incubation with ECs. Internalization of P1 is a caveolae-mediated event as CD/FIL, known caveolae disrupting agents [17] [18] [19] [20] , markedly abolished the process. P1-stimulation enhances phosphorylation of caveolae-specific PKC-a and intracellular Ca 2? release in intact EC. The limited internalization of P1 is regulated by both the modulation of intracellular Ca 2? release and the level of caveolar PKC-a phosphorylation in lung EC.
Caveolae are dynamic structures defined as flask-shaped invaginations of plasma membranes with diverse functions including signal transduction and endocytosis [8] [9] [10] . The existence of morphologically distinct caveolae is critical to maintain its functional integrity in EC [27, 28] . This is consistent with our results that demonstrate near total diminished internalization of P1 when cells were pretreated with caveolae disrupting agents. A number of studies have reported cavelolar localization of PKC-a in EC [11, 12, 18] . Our results demonstrate that P1 internalization is negatively associated with increased PKC-a activation/ phosphorylation. For instance, the incubation of ECs with P1 for 60 min leads to the plateau of P1 entering into the cell with a parallel increase of caveolar PKC-a phosphorylation implying that increased levels of PKC-a phosphorylation limit P1 internalization. Pre-incubation with PMA, an activator of Ca 2? -dependent PKCs, mimics P1-induced PKC-a activation and inhibition of P1 internalization. Furthermore, the specific inhibition of PKC-a expression results in elevated P1 internalization. These observations demonstrate a vital role of PKC-a in modulation of P1 internalization in ECs. Based on correlative effects of the increased or decreased PKC-a phosphorylation and reduced or enhanced internalization of P1, respectively, indicate that change in internalized P1 levels may not be associated with rate of intracellular metabolism of P1. However, the precise mechanism of activation ofincreased phosphorylation of caveolar PKC-a. Our results also demonstrate that P-1 mediated Ca 2? release plays a critical role in the internalization process since calcium chelator BAPTA-AM pre-treatment enhanced P1-internalization in EC. The results of the present study are consistent with the role of Ca 2? release, activation of PKC-a, and their roles in enhancing or attenuating P1 internalization, respectively. Although it has been reported that PKC-a activation and its subsequent displacement from caveolae inhibits the internalization process of many receptors, small molecules, peptides, proteins, and viruses [10-12, 30, 31] , our results indicate that P1 selectively increases phosphorylation but not displacement of caveolar PKC-a. Since modulation of caveolae structure and/or cholesterol content is known to alter caveolar function [32] , it is possible that P1-stimulated activation of caveolar signaling components including enhanced phosphorylation of PKC-a can cause structural and/or conformational change in caveolae/cholerestol dynamics leading to altered transmembrane transport processes.
In summary, our findings suggest that the structural integrity of caveolae and caveolar signaling play critical roles in the regulation of the P1 transport process in ECs. The physiologic implications of the regulation of P1 transport and metabolism in ECs remains to be determined since P1 is known to enhance vasorelaxation in the pulmonary circulation. The caveolae microdomains are highly ordered structures involving cholesterol and glycosphingolipids. As such potential alterations of these microdomains under pathophysiologic conditions can be a critical factor for modulation of caveolar signaling and/or transport functions. The impact of increased phosphorylation of caveolar PKC-a on caveolae-based transport of multiple external agents also has broad implications for their physiologic responses in the pulmonary circulation. Fig. 8 PKC-a deficiency-enhanced P1 internalization. a ECs were infected with the recombinant adenoviruses containing the DN PKC-a or GFP gene. To monitor the efficiency of the gene delivery, the fluorescence intensities of GFP were examined under a confocal microscope. LM light microscopy, GFP-FM fluorescent microscopy, and MERGE the merged images of LM and GFP-FM. b ECs were infected with the recombinant adenoviruses expressing GFP or DN PKC-a. The control (images i-iv) and PKC-a deficient (images v-viii) cells were incubated in medium containing P1, and then examined under the confocal microscope. GFP the fluorescent image of GFP, R-P1 the fluorescent image of P1, and RP the rainbow palette image. c ECs were infected with recombinant adenoviruses, incubated in medium containing P1, and then examined under the confocal microscope. Image i control cells treated with labeled P1, image ii PKC-a deficient cells treated with labeled P1, images iii and iv rainbow palette of images i and ii. Quantitative analysis of corresponding intensities of images iii and iv are shown in v and vi, respectively. The intensities of internalized peptide are plotted on the scale of 01-255 for % absolute frequencies distribution of each intensity range as described in methods. d The diminished levels of PKC-a and p-PKC-a in caveolae-enriched (#5) and non-caveolaeenriched (#9) fractions from PKC-a deficient cells with or without (CON) P1-stimulation. The levels of caveolin, PKC-a, and p-PKC-a proteins in the fractions #5 and 9 were assessed using Western blot analysis (insets). The band intensities of corresponding blots were determined and shown as ODu's (Optical Density Units/mm 2 ). d i-iii show the levels of caveolin, PKC-a, and p-PKC-a, respectively, in the caveolar-enriched and non-caveolar fractions. Data are means ± SE; n = 4, *P \ 0.05 versus control 
